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摘要 
 考虑不确定性的损伤识别及可靠度指标对结构安全评估起着关键作用。由于
各种不确定性因素的影响，从而导致观测数据、识别结果具有不确定性问题。目
前，关于损伤识别的理论和方法有很多，然而基于不确定性的损伤识别及可靠度
研究仍是一个重要课题。 
常用的不确定性的结构损伤识别方法主要分为以下几类：1）基于经典概率
统计的损伤识别；基于概率的损伤识别方法都是采用数值仿真算例来进行的，对
于损伤和噪声的模拟同实际结构会有一定的出入。2）基于贝叶斯模型修正的损
伤识别；贝叶斯模型修正方法大多是将预测误差建模为高斯白噪声过程，而这种
假定在实际中并不成立，从而导致计算不确定性欠估计；因此，一般无法求解未
知参数较多的较大规模计算问题。3）基于随机有限元模型修正的损伤识别；随
机有限元模型修正方法同样存在计算复杂性问题，即各类协方差矩阵的计算在很
多情况下仍然不得不采用蒙特卡罗模拟方法。4）基于统计模式识别的损伤识别。
例如。目前基于统计模式识别的损伤识别方法具有良好的应用前景，关键问题是
合理的状态矩阵构建和敏感的损伤指标的构造；然而对于实际工程结构，噪声、
测量误差、环境因素等对于损伤指标的影响是不容忽视的。 
同样常见的结构可靠度分析方法有：1）蒙特卡罗模拟；主要通过采用频率
来估算概率，然而前提是随机抽样数必须足够大，否则达不到精度要求。而抽样
数太大会增大工作量，因此直接的蒙特卡罗模拟只应用于结构可靠度不高的情况。
2）一次二阶方法；该方法的特点是计算简便，不需进行过多的数值计算。但存
在明显缺陷，即不能考虑随机变量的分布概型，因此计算结果比较粗糙，一般常
用于结构可靠度计算精度要求不高的情况。3）高次高阶矩法中随机变量的分布
概型是应用数理统计的方法推断确定的，因此随机变量的分布概型可能不严格。 
因此就目前结构损伤识别的研究现状，本文主要研究工作为对传统的概率损
伤识别和可靠度分析方法存在的局限进行改进，结合统计矩，时间矩和可靠度理
论方法以及泰勒展开式，对结构进行损伤识别和可靠度分析。 
论文第二部分为了解决噪声对识别结果的影响，引入响应统计矩对噪声不敏
感的特性，求得响应进行统计矩灵敏度，对观测响应进行统计分析，从而使得结
构概率损伤识别具有强烈的抗噪性，降低了噪声对结构参数识别的影响。将损伤
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识别参数对不确定随机变量进行一阶泰勒展开，由概率分布的分布特性，求得结
构参数在任意分布情况下的概率损伤结果。 
论文第三部分同时针对响应统计矩必须观测数大于等于结构识别参数个数
的问题，进一步提出了时间矩概念。即将响应进行分段统计矩处理，通过优化函
数识别出结构参数，其次采用泰勒法展开对结构的不确定量进行线性化处理，根
据不确定量的概率分布特性对参数进行概率统计。   
第四部分结合了统计矩概率损伤识别和可靠度分析方法。根据所得的结构响
应进行一阶泰勒展开，由该不确定性的概率分布特性和可靠度定义求得结构单元
和系统可靠度。数值算例和 Monte Carlo 算法验证了提出的损伤识别和可靠度分
析一体化方法的有效性和准确性。进一步围绕时间矩的概念对第三部分进行完善，
使得观测数目在一定程度上减少到最低。 
论文第五部分针对以上章节损伤识别与可靠度相结合方法中存在的不足之
处加以改进，如利用统计矩进行可靠度分析时需要统计所有时长的响应数据方能
对前面时刻的可靠度进行分析，而本章采用的是扩展卡尔曼的损伤识别与可靠度
分析，该方法能对结构参数及可靠度进行在线识别和分析。 
 
关键词：结构损伤识别；可靠度分析；统计矩理论；部分观测；Monte Carlo；不
确定性; 时间矩；扩展卡尔曼滤波
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Abstract 
Damage identification under uncertainties and reliability indicators play a 
significant role in structural safety assessment. Due to the influence of various 
uncertainty factors, leading to the observation data, the identification results are 
uncertain. Although many theories and methodologies about damage identification 
have been proposed and attached some degree of maturity now, the research about 
structure reliability evaluation is still in its infancy.  
Uncertainty of structural damage identification methods are divided into the 
following categories: 1) Damage identification based on the classical probability and 
statistics. However, Damage identification method based on probability is a numerical 
simulation example, which may have discrepancy with the actual structure on damage 
and noise simulation. 2) Damage identification based on Bayesian model updating. 
Mostly,the prediction error is modeled as a Gaussian white noise process,and this 
assumption in practice is not established,which may lead to the owe estimate of 
uncertainty. Therefore, it’s unable to solve the large-scale problems with lots of 
unknown parameters. 3) Damage identification based on stochastic finite element 
model updating.Stochastical finite element model updating method is also a 
computational complexity problem, namely each kind of covariance matrix has to be 
calculated by Monte Carlo simulation in many cases. 4) Damage identification based 
on statistical pattern recognition. At present, the damage identification method based 
on statistical pattern recognition demonstrates good application prospect, and the key 
question is to build a reasonable state matrix and sensitive damage index. But for actual 
engineering structures, effects on damage indexes can not be ignored such as  noise, 
measurement error and effects of environmental factors, etc. 
The same common structure reliability analysis methods are: 1) the Monte Carlo 
simulation; Probability is estimated by frequency primarily on the premise of random 
sampling number large enough, otherwise it can not meet the accuracy requirement. 
The larger sampling number, the more work. So the direct Monte Carlo simulation is 
only applied to the condition where structural reliability is not high. 2) A second order 
method; Not too much numerical calculation is required in this method.The obvious 
flaw is the coarser results because it can not consider the distribution scheme of random 
variable, which is generally used when structural reliability calculation accuracy is not 
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high. 3) Higher order moment; the random variable distribution scheme is considered 
according to the mathematical statistics inference, but the distribution of the random 
variable scheme may not be strictly. 
In this paper, the main purpose is to rehabilitate the limitations of traditional 
probability damage identity and reliable analysis methods, detect the structural damage 
and analyze the reliability combining with statistical moment theory, the moment 
conception, reliable theoretical methods and Taylor Distribution. 
In the 2nd part, in order to eliminate the influence of noise existing in damage 
identification, the response statistical characteristics of the torque is introduced. 
Thereafter, the detection to probability damage intends to be strongly noise-resistant, 
and the effect of noise towards structural factor identification will be reduced. Vector 
of structural parameters of damage detection will be extent in 1st order according to 
Taylor’s Distribution. Then, the probability of damage can be worked out according to 
the uncertain Distribution’s features by which the damaged and non-damaged elemental 
information of probabilities can be found. 
In the 3nd part, in order to solve the issue where the observed number of 
responding moment must not be less than that of structural identified parametres, it 
comes up with the idea of time moment, which means the responding will be processed 
by partitioned statistic moment. This way is to enable the numbers of equations to be 
more than that of parameters waited to be identified while the observed number is less 
than that of unknown coefficients., and then to begin with damage probability 
identification. 
The 4th part is a combination of statistical moment probability damage 
identification and reliability analysis method. According to the structural response of 
the first-order Taylor expansion, the distribution characteristics of the uncertainty and 
reliability definition structure unit and system reliability are obtained. A numerical 
example and the Monte Carlo algorithm are presented to verify the proposed damage 
identification and integration of reliability analysis method is effective and accurate. 
Further around the moment to complete the third part, the concept of time makes the 
number of observations in a certain extent, reduce to a minimum. 
The 5th part on the above chapter damage identification combined with reliability 
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method shortcomings existing in the improved, When using the statistical Moment 
reliability analysis requires statiscal response data all the time. And this chapter we use 
extended Kalman damage detection and reliability analysis, the method of the structure 
is on-line analysis and statistics. 
 
Key words: Structural damage detection; Reliability analysis; Statistical moment 
theory; Partial measurement;Monte Carlo; Uncertainties; Time moment;Kalman filter. 
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